We present a comparative study of the magnetic and electrical properties of polycrystalline and nanocrystalline Y 2 Ir 2 O 7 , the latter prepared using a new chemical route. We find that reduction in particle size leads to enhanced ferromagnetism and orders of magnitude enhancement of electrical conductivity in the nanocrystalline sample. Based on X-ray photoelectron spectroscopy and X-ray absorption near edge structure spectroscopy results, the phenomenon is attributed to the increased fraction of Ir 5+ and the resulting increase in double exchange interaction along with the weakening of spin-orbit coupling strength in the nanocrystalline sample compared to the bulk.
Introduction
In 4d and 5d transition metal oxides (TMO), an intermediate correlation effect appears due to the interplay between comparable energy scales, namely, the relativistic spin orbit coupling, on site coulomb repulsion and crystal field effect despite the extended nature of the one-electron wave functions. This provides us with an opportunity to manipulate the balance between these energy scales with small perturbation leading to dramatic effect arising from the competing spin, orbital, charge, and lattice degrees of freedom [1, 2, 3, 4, 5, 6, 7] . Among all the 5d TMOs, Pyrochlore Iridates R 2 Ir 2 O 7 (R = Yttrium,or lanthanide elements) are proving to be the most interesting because of the possibility of realization of a variety of novel phases [2, 3, 1] such as topological Mott insulators [3, 5, 8] , chiral spin liquids [9] , Weyl semimetals [1, 7] , and axion insulators [1, 10] , which can be accessed by tuning the relative strengths of the relevant energy scales.
In Pyrochlore Iridates, the electronic and magnetic properties are expected to be strongly coupled to each other [1, 11, 12] . The magnetic Ir 4+ ions are distributed over a network of corner sharing tetrahedra and each of the four Ir atoms is coordinated by six oxygen atoms accompanied by trigonal compression of the oxygen cage along [111] direction [7] . In general, the magnetic ground state emerges due to the interplay between Heisenberg-type antiferromagnetic interaction, Dzyaloshinskii-Moriya interaction emerging due to strong spin-orbit coupling and single-ion anisotropy [1, 13, 14] . If R 3+ is also magnetic, more complex magnetic ground state could be obtained [17, 16, 18, 15, 19] . Fortunately, the problem simplifies considerably for Y 2 Ir 2 O 7 since it has nonmagnetic Y 3+ ions residing at Rsite. It was theoretically predicted that Y 2 Ir 2 O 7 could have a unique all-in/all-out antiferromagnetic (AFM) ground state [1] with the low -lying excited state being ferromagnetic. Experimentally, although there is a consensus regarding the existence of long range magnetic ordering [20] , the precise nature of the ordering is not yet fully established, primarily due to the limitation of neutron diffraction studies in iridates [21] . Probabilistic modeling and ab initio calculations based on experimentally measured spontaneous muon spin precession frquency do, however, suggest that Y 2 Ir 2 O 7 indeed has all-in/all-out antiferromagnetic ground state [22] . Interestingly, there are some reports which point towards a ferromagnetic component on top of AFM ground state [21, 23] based on observation of hysteresis in M-H data at low temperature. So far as electronic property is concerned, although high resolution photoemission analysis reveals finite density of state at the Fermi level [24] , it is suggested that bulk Y 2 Ir 2 O 7 could be a Mott insulator [15, 25, 26, 27, 28] .
Surprisingly, till date, there is no report regarding the influence of particle size reduction on the properties of Pyrochlore Iridates. This is particularly important as regards the applicability of Mott physics in 5d oxide systems in general in that longranged interactions and cooperative phenomena should be significantly influenced by size effects. In this work, Y 2 Ir 2 O 7 nanoparticles were synthesized for the first time. We present an extensive comparative analysis of the magnetic and electrical properties of Y 2 Ir 2 O 7 in nanocrystalline and polycrystalline form using dc magnetization and electrical transport measurements along with X-ray photoelectron spectroscopy (XPS) and X-ray absorption near edge structure (XANES) spectroscopy measurements. o C for 100 hours. The resulting material was reground, pressed into pellets of same dimension and applied pressure as used for nanocrystalline sample, and resintered at the same temperature for an additional 150 hours with two intermediate regrindings.
Experimental methods
Structural properties and phase formation were studied using X-ray diffraction (XRD) using a PANalytical XPertPRO diffractometer with CuKα radiation (λ = 1.54056Å). The particle size, distribution and crystallinity were verified using transmission electron microscopy (TEM). Particle size distribution was also verified using Field emission scanning electron microscope (FE-SEM) JSM-7100F, JEOL. The chemical composition of the sample was determined using energy dispersive X-ray spectrometry (EDX). The temperature dependence of zero-field-cooled and field-cooled magnetization with applied magnetic field of 1 kOe in the temperature range 2-300 K and Magnetic field dependent magnetization loop with maximum field 10 T at low temperature were measured using a Quantum Design MPMS SQUID magnetometer. Electrical resistivity and transverse magnetoresistance of the samples were measured by conventional four probe technique using a Quantum Design PPMS. X-ray photoelectron spectroscopy (XPS) was performed using a PHI 5000 Versa Probe II system to determine the electronic structure.
X-ray absorption near edge structure (XANES) measurements were carried out in the transmission mode at Ir L 3,2 edge for the nanocrystalline sample, taken in powder form and mixed with cellulose powder to obtain total weight of approximately 100 mg and 2.5 mm thick homogenous pellets of 15 mm diameter. XANES measurements were done at beamline (BL-9) at the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) at the RRCAT, Indore, India [29] . The beamline have photon energy ranging from 425 keV and resolution of 10000 at 10 keV.
Results and Discussion
Room temperature x-ray diffraction patterns of nanocrystalline and polycrystalline samples are shown in figure 1(a) and (b) respectively. Further structural studies have been carried out using Rietveld refinement of XRD data using FULLPROF suite. Rietveld analysis shows small fraction of impurity phase of Y 2 O 3 in the polycrystalline sample. Other groups also noted significant amount of impurity phases such as Y 2 O 3 , IrO 2 and Ir in polycrystalline Y 2 Ir 2 O 7 prepared using solid state reaction [21, 20, 23] . Nevertheless, Y 2 O 3 is diamagnetic with a small negative susceptibility and hence should have minimal contribution to the magnetic properties. The Rietveld refinement Micrograph (TEM) in figure 2(c) shows that the average particle size in nanocrystalline sample ranges between 50-60 nm which is in fair agreement with XRD and FE-SEM data. The Selected Area Electron Diffraction (SAED) pattern of the nanocrystalline sample is shown in figure 2(d) . Figure 3 shows the temperature dependent magnetic susceptibilities of nanocrystalline and polycrystalline Y 2 Ir 2 O 7 samples following zero field cooled (ZFC) and field cooled (FC) protocol at H = 1kOe. A bifurcation can be seen between χ ZF C and χ F C for polycrystalline and nanocrystalline samples near temperatures 160 K and 100 K respectively. To find out the magnetic transition temperature T mag , we plotted the derivative of χ F C (dχ F C /dT) of both sample (inset of figure 3 ) which show minima near 158 K for the bulk and 100 K for the nanocrystalline sample. The magnetic susceptibility data for the polycrystalline sample is consistent with previous studies [20, 21, 23, 15, 25, 26, 24] . In nanocrystalline sample, below 50 K, the susceptibility increases very sharply. Interestingly, XRD pattern is unable to detect any impurity phase in nanocrystalline sample prepared by chemical route. The upturn in χ F C and χ ZF C could be suggestive of long range ferromagnetic ordering. The magnetic susceptibility above T M ag obeys the CurieWeiss law, χ = C T −θ CW + χ 0 , Where C, θ CW and χ 0 are the Curie constant, Weiss temperature and a temperature independent component of susceptibility, respectively. The parameters corresponding to the best fit turn out to be C = 0.19 emu K/Oe mol Ir, θ CW = -128 K for polycrystalline and C = 0.41 emu K/Oe mol Ir, θ CW = -252 K for nanocrystalline sample, the negative value of θ CW suggesting an antiferromagnetic (AFM) correlation for both samples [1, 30] . The calculated effective magnetic moments are µ ef f = 0.61 µ B /f.u. for polycrystalline (close to literature value µ ef f = 0.54 µ B /f.u. [21] ) and µ ef f = 1.33 µ B /f.u. for nanocrystalline samples, respectively. These observed µ ef f are lower than the Hund's rule value µ ef f = 1.73 µ B /f.u. for S = 1/2. The enhancement in effective magnetic moment in nanocrystalline sample compared with polycrystalline sample can be attributed to the increased surface to volume ratio in nanocrystalline sample and the consequent enhanced contribution of uncompensated surface spins. It is possible that the strain induced by distortion at grain boundaries could change the Ir -O -Ir bond angle and facilitate ferromagnetic double exchange. We shall come back to this point shortly hereafter.
To further explore the magnetic properties of the polycrystalline and nanocrystalline Y 2 Ir 2 O 7 samples, magnetic hysteresis loops have been measured at 2 K as shown in figure 4 . For both samples, weak ferromagnetic (FM) like hysteretic behaviour is observed with coercive field H C being 375 Oe and 610 Oe, for polycrystalline and nanocrystalline sample, respectively. There is no sign of magnetic saturation up to 10 T. The small hysteresis in M vs H data may originate from short range type FM ordering at low temperatures while the sharp enhancement of magnetization at low temperature might be due to canting of the moments from the AFM all-in/all-out state. The overall magnetic structure of the nanocrystalline Y 2 Ir 2 O 7 can be considered as a core/shell system, where the inner part of the particle is in AFM phase and the surface is a disordered ferromagnet. The temperature dependent resistivity (figure 5) shows insulating behaviour consistent with previous study for polycrystalline sample [28, 25, 27, 26, 24, 20, 23] . Strikingly, there is at least 4 orders of magnitude enhancement of electrical conductivity at low temperature in the nanocrystalline sample compared to the bulk with the resistivity values at 2 K being 9.1×10
4 Ω-cm and 3.45 Ω-cm for bulk and nanocrystalline sample, respectively. It turns out that the temperature dependence of zero field resistivity follows power law behaviour ρ = ρ 0 T −n below T mag (figure 5) with exponents n = 2.8 and 1.1 for polycrystalline and nanocrystalline samples, respectively. Similar power law driven electronic transport has been observed for polycrystalline Y 2 Ir 2 O 7 by other groups [20] . As discussed earlier, there is possibility that reduction in particle size increases the valence state of Ir from Ir 4+ to Ir +5 facilitating double exchange. For stoichiometric A-227 compounds, the Ir 4+ has an unpaired J ef f = 1/2 electron that is localized due to the electron-electron interaction [2, 3, 1] . On the other hand, Ir +5 has an empty J ef f = 1/2 level which could allow hopping of the J ef f = 1/2 electron from the nearby Ir +4 , leading to the delocalization of electrons and enhancement of electrical conductivity. Further signature of double exchange mechanism is found in the electronic transport behavior in the presence of magnetic field at low temperature. The magnetoresistance is positive at low field for both samples (Top Inset, figure 6) which becomes negative at high magnetic field. The positive MR at low field could be attributed to weak antilocalization which is expected for systems with strong spin orbit coupling although, surprisingly, so far unreported. The reason could be significant amount of impurity phases in the polycrystalline samples prepared by other groups. The peak value of positive MR in the bulk is considerably higher than that in the nanocrystalline sample implying reduction of spin-orbit coupling in the latter. The observed value of negative MR is 14% and 10% for bulk and nanocrystalline Y 2 Ir 2 O 7 , respectively at maximum field 10 T. There is no sign of saturation in MR up to maximum applied magnetic field 10 T. Figure 6 shows quadratic field dependence of MR for bulk sample while for nanocrystalline sample, MR deviates from quadratic field dependence at high magnetic field. Interestingly the MR for both samples scales with magnetization which is a characteristic of double exchange systems near magnetic transition (Bottom Inset, figure 6 ).
So far we have underlined that the possible reason behind the emergence of enhanced ferromagnetism and electrical conductivity in nanocrystalline sample is mixed oxidation state of Ir. In oreder to verify this proposition we characterize the oxidation state of Ir using X-ray Photoelectron Spectroscopy (XPS). XPS spectra for polycrystalline and nanocrystalline samples are shown in figure 7 . We have fitted our XPS data using three sets of iridium components by asymetric Guass-Lorentz sum function with shirley background using XPS peakfit4.1 software. The experimental data indicates that the two valence states of Ir are needed for a proper fit of XPS data in case of nanocrystalline as well as polycrystalline sample. The peaks identified as 4f 7/2 at around 62 eV (blue solid line) and 4f 5/2 at 65 eV (blue dashed line) in figure 7(a) and 7(b) respectively, are attributed to the 4 + valence state of Ir, which is similar to the IrO 2 single crystal [31] . On the other hand, the two distinct additional features at around 63.5 eV (pink solid line) and 67 eV (pink dashed line) represents the contribution of Ir 5+ oxidation state for both the compounds. The presence of Ir 5+ in the polycrystalline sample might be due to nonstoichiometry (i.e. deficiency of metal elements such as Y/Ir or excess of oxygen), which is consistent with previous reports [23] . Interestingly, for nanocrystalline sample, the peak area for Ir 5+ is found to increase by 37% as compared to bulk suggesting larger fraction of Ir 5+ in the former. Further support for the mixed valence of Ir is found in the O 1s spectra ( which usually exhibits single peak centered at 529.3 eV [31] ) shown in figure 7(c) and 7(d). We observe a doublet having energies 529 eV and 531 eV for both compounds. Multiple oxidation states affect the local environment of Ir-O bonds leading to the doublet feature. We also performed XPS measurement on Y 3d 3/2 region (not shown here). The 3d 3/2 peak shows a single feature at 156.42 eV and 158.34 eV, which is close to value of Y 2 O 3 , suggesting that only Y 3+ is present in the material. As a further investigation into determining the change in valence state of Ir, X-ray Absorption Near Edge Structure (XANES) spectroscopy is also carried out. Figure 8(a) shows IrL III -edge XANES spectra along with reference material IrO 2 . All the samples show very intense white lines suggesting a large local density of 5d states. However, clear differences can be observed in the XANES profiles indicating differences in the electronic structure among these systems. There is some broadening of the white line with increasing energy. to 1 eV, much higher compared to the bulk, strongly suggesting existence of higher valence state i.e. +5 [4] . In addition, the spectral shape of samples with nominal Ir
4+
and Ir 5+ states shows an unresolved double-peak feature including a shoulder on the low-energy side of the peak. This structure can be more clearly visible in the profile of the second derivative of the spectra for the nanocrystalline sample, as shown in the figure 8(b) .
G. van der Laan and Thole, proposed that the intensity ratio of the white line features observed in XAS measurements at the L III and L II absorption edges is directly proportional to the expectation value of the spin-orbit operator < L.S > = < i l i .s i > [32] . The ratio of the integrated white line intensity recorded at edges L III and L II is known as branching ratio BR =
, where r = <L.S> <n h > . Here < n h > = 5 is the number of holes in related compounds. We calculated spin orbit interaction from normalized XANES spectra recorded at L III and L II white line positions (figure 9). We follow the method employed by Clancy et al. [4] to obtain the white line intensities as shown in the inset of figure 9 for IrL III edge of nanocrystalline Y 2 Ir 2 O 7 . The experimental data is represented by the black solid line while the blue dashed line represents the continuum edge-step described by an arctangent function located at the center of the absorption edge with unit height. This function is subtracted from the raw data, leaving only the white line contribution (red short dot line) in approximately Lorentzian shape.
We found that the branching ratio for IrO 2 , polycrystalline and nanocrystalline Y 2 Ir 2 O 7 are 6.6, 5.6 and 4.3 respectively. These branching ratios for all compounds are larger than the statistical branching ratio of 2, which is a characteristic of Ir based metallic systems [33, 34] . This result indicates a strong relativistic spin orbit coupling effect for all the samples albeit with significant relative reduction in strength for nanocrystalline sample compared to the bulk (see the above Table 2 ).
CONCLUSIONS
Now we summarize the principal aspects of the experimental results and the conclusions drawn. (1) There is an enhancement of effective magnetic moment in the nanocrystalline sample compared to the bulk. The XPS result suggests greater prevalence of the coexistence of Ir 5+ and Ir 4+ in nanocrystalline sample than in polycrystalline sample. The resulting mixed valence state could favor a double exchange mechanism leading to the enhancement of the effective ferromagnetic contribution. The weakening of spin orbit interaction in nanocrystalline sample as revealed by the XANES result could also increase the effective magnetic moment. (2) We also observe a striking orders of magnitude enhancement in electrical conductivity in the nanocrystalline sample compared to the bulk. The weakening of spin orbit coupling strength would lead to an increase in the kinetic energy term leading to enhanced conductivity. Both enhanced double exchange and lower spin orbit coupling should favor higher electrical conductivity. We emphasize that reducing the particle size should play similar role as applying chemical pressure and thus opens up a new direction for research on Pyrochlore Iridates.
